Tunable optofluidic devices exhibit some unique characteristics that are not achievable in conventional solid-state photonic devices. They provide exciting opportunities for emerging applications in imaging, information processing, sensing, optical communication, lab-on-a-chip and biomedical engineering. A dielectrophoresis effect is an important physical mechanism to realize tunable optofluidic devices. Via balancing the voltage-induced dielectric force and interfacial tension, the liquid interface can be dynamically manipulated and the optical output reconfigured or adaptively tuned in real time. Dielectrophoretically tunable optofluidic devices offer several attractive features, such as rapid prototyping, miniaturization, easy integration and low power consumption. In this review paper, we first explain the underlying operation principles and then review some recent progress in this field, covering the topics of adaptive lens, beam steering, iris, grating, optical switch/attenuator and single pixel display. Finally, the future perspectives are discussed.
Introduction
Conventional solid-state photonic devices have a remarkable optical performance and durability, but minimal adaptability. To achieve a high degree of adaptability, liquid is introduced as an optical interface. A new class of tunable optofluidic devices is thus emerging [1] [2] [3] [4] . Extensive efforts have been devoted to this field since the mid-2000s and a large variety of tunable optofluidic devices brought into reality, for instance adaptivefocus lenses , beam steers [27, 28] , gratings [29] [30] [31] , irises [32] [33] [34] [35] , optical switches/attenuators [26, [36] [37] [38] [39] [40] [41] and displays [41] [42] [43] [44] [45] [46] [47] . With a liquid-formed optical interface, such devices exhibit unique properties, which are not achievable in conventional solid-state photonic devices. Firstly, the optical interface (it can be a liquid-air or liquid-liquid interface) is intrinsically smooth because of the minimum interfacial energy, and thus mechanical polishing is not required. Secondly, the optical output can be reconfigured or adaptively tuned in real time through dynamically manipulating the liquid interface. Thirdly, since the employed liquids are usually isotropic, these devices are polarization insensitive and broadband. Last but not least, if the device dimension is much smaller than the capillary length, the surface tension will dominate over the gravity, thus the devices will be vibration insensitive. Therefore, they provide exciting opportunities for emerging applications in imaging, information processing, sensing, optical communication, lab-on-a-chip and biomedical engineering. Various operation principles have been proposed to realize tunable optofluidic devices, e.g., fluidic pressure [14, 15, 32, 36] , electrochemistry [16] , thermal effect [11] [12] [13] , environmentally adaptive hydrogel [9, 17, 18] , electrowetting (EW) [19, 27, 34, [45] [46] [47] [48] [49] [50] and dielectrophoresis (DEP) effect [20-26, 28-31, 35, 37-41, 43, 44] .
The term dielectrophoresis was first introduced by Herbert Pohl in the early 1950s [51] . In his book, DEP is defined as the translational motion of neutral matter caused by polarization effects in a nonuniform electric field [51] . The force resulting from the polarization of the dielectric material is called Kelvin polarization force or dielectric force. Unlike EW, DEP is a body-force phenomenon. For a bulky object, the dielectric force can be calculated by means of the polarization bulk force, in which the infinitesimal dipoles in an electric field experience a force that they pass on to the bulky object as a whole [52] . So far dielectric force has been implemented to manipulate biomolecules [53, 54] , DNA [55] , nanowires [56] , nanotubes [57] , microsized or nanosized dielectric droplets [58] [59] [60] , lab-on-a-chip [61] , micropumps [62, 63] , micromotors [64] , nanomechanical resonators [65] , phase separation [66, 67] , as well as to fabricate polymer microlens and gratings [31, 68, 69] . Recently, the realm has been extended to the manipulation of liquid-liquid interface, enabling a wide range of innovative tunable optofluidic devices, e.g., adaptive lenses [20] [21] [22] [23] [24] [25] , beam steers [28] , irises [35] , gratings [29] [30] [31] , optical switches/attenuators [26, [37] [38] [39] [40] [41] and single pixel displays [41, 43, 44] . In comparison with the history of EW devices, DEP devices are still in their infancies. Several EW devices have been commercialized or close to commercial realizations. These two types of devices have some similarities. For instance, they usually employ two immiscible liquids in the cell, one liquid forms a droplet on the substrate and the other fills the surrounding area. They both use external voltage to tune the liquid-liquid interface: EW devices rely on the contact angle change between a conductive liquid and a solid surface; DEP devices rely on the net force exerted on polarizable dielectric liquids under a nonuniform electric field [70] . DEP tuning requires a higher actuation voltage, but consumes one order of magnitude less power [20] . Furthermore, electrolysis, Joule heating and microbubbles which always arise in EW devices [49] can be suppressed. Last but not least, EW devices often require expensive hermetic packaging (i.e. metal-glass packing) for long term operation due to the high saturated vapour pressure of the conductive liquid (e.g., salty water) [20] , while DEP devices only need simple plastic packaging [71] .
To optimize the performances of DEP devices from material aspects, there are some criteria to choose the liquids: they should be different in dielectric constants, immiscible with each other, non-toxic, stable and optically transparent for imaging applications. Other properties, such as refractive index and surface tension should also be taken into account for different applications. In addition to conventional isotropic liquids, liquid crystals (LCs) have also been adopted as the active media in optofluidic devices. LCs exhibit unique material properties ranging between those of conventional isotropic liquids and solid-state crystals. The most popular operating mechanism of LC devices is field-induced molecular reorientation, as reported by Schadt and Helfrich [72] . It enables today's liquid crystal displays (LCDs), phase modulators, lenses, optical switches and other photonic LC devices. A relatively new mechanism which has recently attracted strong research attention is field-induced mechanical shape deformation of LC-droplets [39] . Via balancing the voltage-induced DEP forces and interfacial tensions, LC droplets expand or shrink upon voltage application. Based on this mechanism, novel electro-optical components beyond LCDs become feasible.
In this review, we will first explain the underlying operation principles to manipulate the shape of a dielectric liquid droplet. Then we will illustrate the recent progress on the development of dielectrophoretically tunable optofluidic (including both conventional isotropic liquids and LCs) devices by examples from recent literatures, covering topics of adaptive-focus lenses, beam steers, irises, gratings, optical switches/attenuators and single pixel displays. Future perspectives will also be discussed.
Basic principles
When a charged particle is placed in a homogeneous electric field, it experiences an electrostatic force as
where q is the net charge of the particle and E is the electric field. However, if a charge-balanced particle is placed in such an electric field, the net electrostatic force is zero. A chargebalanced particle may be a dielectric particle or a neutral atom. In such a particle, a positively charged core is surrounded by a negatively charged electron cloud, as shown in figure 1(a). Its positive charge (+Q) is equal to its negative charge (−Q). If the particle is subject to a homogeneous electric field, the nucleus is pushed in the direction of the electric field while the electrons are pushed in the opposite way ( figure 1(b) ). As a result, the charges undergo displacements and the particle becomes polarized. According to equation (1), the electrostatic force +Q · E for the positive charge and -Q · E for the positive charge are equal but in opposite direction, so the net force is zero. However, a dipole moment p is induced. As figure 1(c) shows, in a simple case of two point charges, one with charge +Q and the other with charge -Q, the induced electric dipole moment p can be expressed as
where d is the displacement vector pointing from the negative charge to positive charge, thus the electric dipole moment vector p points from the negative charge to the positive charge. Because of the induced dipole moment, this polar particle tends to rotate to line up its dipole moment parallel to the external electric field. A water molecule is a polar molecule. Even though the total charge on a water molecule is zero, the nature of chemical bonds is that the positive and negative charges do not completely overlap. Due to the separation of two positively charged hydrogen atoms and the negatively charged oxygen atom, water molecules possess a permanent dipole moment without the influence of external electric field. The dipole moments are permanent rather than induced. In addition to water molecules, some molecules such as chlorine, glycerol and ferroelectric LC molecules also have permanent dipole moments.
If the electric field is not uniform, the electric dipole of the particle experiences a net electric force because the positive charge +Q is subject to an electric field that differs from the field acting on the negative charge −Q ( figure 1(d) ). To deduce the electrostatic force acting on the particle, a Cartesian coordinate is established in figure 1(e). Positive charge +Q and negative charge −Q are separated by a distance d, and the electric field at the +Q and −Q position is E(r + d) and E(r), respectively. The total force on the dipole is the sum of the forces on each individual charge, expressed as [73] 
where p is the dipole moment as defined in equation (2), ∇ E is the gradient of the electric field. From equation (3), it is obvious that in order to exert a net force on a dipole, the electric field has to be nonuniform. For a bulky object that cannot be simplified as an individual dipole, the polarization force acting on the object can be calculated by means of the polarization bulk force. From a microscopic view, the infinitesimal dipoles in an electric field experience a force that they pass on to the bulky object as a whole. Given the macroscopic polarization P , the force density due to polarization is [74] 
This is called Kelvin polarization force density or dielectric force density. Given the polarization of a linear dielectric material with a susceptibility χ e ,
the Kelvin polarization force density can be rewritten as
If a dielectric object with a dielectric constant ε d is surrounded by a dielectric medium with ε m , equation (5) can be replaced by the excess polarization per unit volume
Thus, the Kelvin polarization force density is
And the Kelvin polarization force or dielectric force exerted on a dielectric object with a volume V is expressed as [73, 74] 
From equation (9) , the dielectric force is dependent on two terms: ε d −ε m and the gradient of the electric field. If ε d is equal to ε m , then the dielectric force is zero. Also, the direction of the force is dependent on whether the object's dielectric constant is larger or smaller than that of the surrounding medium. Equation (9) explains the basic mechanism to manipulate the shape of a dielectric liquid droplet. Compared with tunable optofluidic devices based on other techniques (e.g., fluidic pressure/electrochemistry/thermal effect/adaptive hydrogel/EW), those based on the DEP technique are becoming more and more attractive for practical applications in terms of (1) simple voltage driving, no complicated external control mechanisms (e.g., fluid circulation/mechanical movement/temperature) are required; (2) miniaturization and easy integration with existing electronic and microfluidic systems, thus functionally complex yet structurally simple systems (e.g., diagnostic or lab-on-chip applications) become feasible; (3) rapid prototyping and cost effectiveness; (4) low power consumption and (5) relatively low operating voltage and reasonably fast switching time.
In the following sections 3-8, we will illustrate the recent progress on the development of dielectrophoretically tunable optofluidic devices with examples, including adaptive-focus lenses, beam steers, irises, gratings, optical switches/attenuators and single pixel displays.
Adaptive-focus lenses
Conventional lenses are made of rigid glass or plastic, and thus they have a fixed optical power. To change the optical power, a zoom lens, which consists of at least two lenses with a tunable distance, is required. Such a stacking-lens system usually produces good image quality but is expensive, complex and delicate. The human eye is a natural type of adaptive liquid lens, in which the crystalline lens is constantly changing shape through ciliary muscles, allowing our eyes to clearly see objects at various distances. Adaptive liquid lenses mimic human eyes, by changing the surface shape through applying electric voltage [19] [20] [21] [22] [23] [24] [25] , mechanical force [5] [6] [7] [8] , light [9, 10] , and heat [11] [12] [13] to switch focus between distant and close-up objects in milliseconds. They are 'smart' and low-cost, yet high-quality alternatives to traditional rigid lenses. This topic has attracted significant research attention due to its tremendous potential in ophthalmology, machine vision, lighting, laser processing, optical communication and biomedical engineering.
An adaptive-focus liquid lens based on DEP effect usually employs two dielectric liquids with different dielectric constants: one liquid forms a lens droplet on the substrate and another liquid fills the surroundings. Under an inhomogeneous electric field, the generated dielectric force deforms the liquidliquid (or liquid-air) interface, which in turn changes the focal length. Upon removing the voltage, the droplet returns to the original shape because of the interfacial tension. Because of the interfacial tension, the shape of the liquid droplet is curved and its surface is very smooth. Like a deformed elastic membrane [75] , if we consider the surface of the droplet as a very thin elastic membrane, then the shape of the droplet can be expressed as
where y is the vertical axis and r is the horizontal axis passing through the droplet centre, as shown in figure 2(a). At y = 0, r = a (a is the radius of droplet aperture). The droplet experiences a surface tension S and a pressure force P . When the droplet radius is small, we can neglect the higher order terms in equation (10) and only keep the first item, which implies that the droplet presents a parabolic shape. When the droplet is activated, the external voltage causes the pressure force P to increase, which in turn changes the droplet's shape. However, the droplet still keeps a parabolic shape.
Cheng et al demonstrated the first DEP-driven LC droplet lens in 2006, in which LC was used as the high dielectric medium and the gradient electric field was introduced by concentric indium tin oxide (ITO) electrodes on the bottom substrate [20] , as figure 2(a) shows. Teflon was coated on the electrodes to increase the contact angle of the LC droplet. Here the employed LC material needs to be in the isotropic phase, otherwise image blurring resulted from the LC birefringence will occur. Therefore, the operation temperature must be higher than the transition temperature between the nematic phase and the isotropic phase. To overcome such a problem, later an isotropic liquid droplet with a low dielectric constant and a sealing liquid with a high dielectric constant were adopted [21] . These two liquids possessed a wide temperature range of isotropic liquid phase over 150
• C. Moreover, they are density matched to minimize the gravitational effect and reduce the non-uniform deformation of the droplet profile. If a density difference cannot be avoided, the lens shape should be maintained at a scale much smaller than the capillary length [76] . The focal length of a lens with 3 mm aperture can be tuned from 34 mm to 12 mm in the range 0-200 V rms . Rise and fall times are 650 ms and 300 ms, respectively. Technically, the optical axis of the lens must remain intact at all operation modes, otherwise, the observed image will be distorted. Therefore, a coaxial design between the centre of the concentric electrodes and the optical axis of the liquid lens is critically important to maintain the optical functions. Cheng et al have proposed a planar liquid confinement structure along with concentric electrodes for the optical centring of dielectric liquid lenses at the rest state and actuated state [77] . During the actuation of an initially 7 mm diameter liquid lens, the tilt angle is measured to be 0.11
• in maximum and below 0.03 • during actuation. Yang et al investigated that a dielectric liquid droplet could achieve a fully developed contact angle change [78] , which is distinct from the contact angle saturation behaviour of a conductive droplet actuated by EW.
To simplify the fabrication process, Ren et al demonstrated a lens using continuous flat electrodes in 2008 [22] , as shown in figure 2(b). Under an applied voltage, the electric field exerted on the droplet can be expressed as
where ε 1 , ε 2 and ε p stand for the dielectric constant of liquid-1, liquid-2 and polymer layer, respectively; d is the cell gap, d p is the thickness of polymer layer and t is the height of liquid-2 from the polymer layer to the curved surface of the droplet along the vertical direction (figure 2(b)). In equation (11) the influence of d p /ε p to E t is negligible if the polymer layer is very thin (d p → 0). In this case, the electric field E t near the droplet border can be expressed as
If the apex distance of the droplet is approaching the cell gap (t → d), then the electric field E t at the apex position of the droplet can be expressed as
If ε 1 is larger than ε 2 , the electric field at the border is ε 1 /ε 2 times stronger than that at the apex position. Because the surface of the droplet changes continuously, the electric field has a gradient distribution. Therefore, the surface profile of the droplet can be reshaped by the generated dielectric force and the focal length can be tuned accordingly. In Ren's lens, liquid-1 and liquid-2 are Glycerol (ε 1 ∼ 47, n 1 ∼ 1.47,
) and SantoLight TM Optical Fluids SL-5267 (ε 2 ∼ 4.6, n 2 ∼ 1.67, ρ 2 ∼ 1.25 g cm −3 ), respectively. The focal length of a lens with a 230 µm aperture diameter changes from ∼620 µm to ∼500 µm when the voltage increases to 90 V rms . The switching time (both contracting and relaxing) of the lens is ∼200 ms. In addition, a dielectric microlens array using a hole-patterned electrode has been demonstrated, but the droplets could drift in the lens cell, which degrades the lens's stability [23] . Such a problem also exists in dielectric lens with planar electrodes [21, 22] . Xu et al used a top planar electrode and a bottom well-shaped electrode to stabilize the position of the droplet, as well as lower the lens's operating voltage and broaden the lens's tuning range [24] (figure 2(c)). The curved polymer base was duplicated from a glass plano-convex microlens array. After coating a metal layer on the inner surface of the polymer base, it functions as a curved electrode. The focal length of a 700 µm aperture microlens can be tuned from ∼2.5 mm to ∼1.39 mm when the voltage increases from 0 to 88 V rms . Using different plano-convex microlens array stampers, microlens arrays with various apertures and filling factors can be easily fabricated. By patterning polymer micro-chambers on the planar electrode surface, a microlens array can be obtained as well [79] . The singlet microlens or microlens array has miscellaneous applications in lab-on-achip, imaging, beam diffuser, adaptive iris, light shutter and display.
The previously demonstrated dielectric lenses could only have pure positive or negative optical power [20] [21] [22] [23] [24] . A dielectric liquid microlens with switchable negative and positive optical power was illustrated in figure 2(d). The negative optical power induced by the bi-concave polymer base balances out the positive optical power of the liquid droplet to some extent, according to different operating voltage [25] . Hence, this lens can be continuously tuned among negative, zero and positive optical power states. The focal length of a 700 µm aperture microlens can be tuned from ∼−7.56 mm to infinity to ∼3.22 mm when the voltage increases from 0 to 90 V rms . The response time is reasonably fast: ∼13 ms in rising and ∼18 ms in relaxing. The dimension of the bi-concave polymer base can be specially designed to get the desired lens's dynamic range. Such a liquid microlens will find potential applications in vision and imaging devices, especially in two dimensional (2D)-three dimensional (3D) displays [80] .
The electro-optic characteristics study [81] and dynamic behaviour analysis [82] provide important insights into the effective actuation of the dielectric liquid lens. Researchers find that both amplitude and frequency of the voltage affect the droplet shape change. With the same amplitude of the applied voltage, a lower frequency can cause a larger shape change [81] . The viscosity and the droplet size are proportional to the response time. The applied ac frequency in the range 1-50 kHz is inversely proportional to the response time. The contact angles in equilibrium are found to be inversely proportional to the ac frequency and the droplet size but nearly invariant to the viscosity [82] .
Beam steers
An inhomogeneous electric field can also be induced by two non-parallel substrates. A broadband and polarizationindependent beam steering has been demonstrated by Lin et al in 2009 [28] . Both substrates are coated with continuous ITO electrodes. The top substrate is set slanted with an angle of 5
• to the bottom substrate to generate a nonuniform electric field ( figure 3(a) ). Here L-1 is SL-5267 (ε 1 ∼ 4.6,
). At V = 0, the liquid-liquid interface is horizontal and the beam propagates straightly. When the voltage is high enough, L-2 with a larger dielectric constant moves towards the region with a higher electric field intensity and squeezes L-1 to the right ( figure 3(b) ). As a result, the liquid-liquid interface becomes slated and the beam is deflected. The maximum steering angle is ∼0.89
• at V = 160 V rms . The rise time was 339 ms and the fall time 145 ms under V = 110 V rms (200 Hz square waves). The total transmittance of the lens system was ∼70% at λ = 633 nm. 2D beam steering can also be achieved by stacking two devices in orthogonal positions. The device has the potential for simple fabrication, broadband and 2D beam steering, polarization independence, simple control circuits, and cost effectiveness. Two technical challenges remain to be addressed: to keep a flat liquid-liquid interface at high operating voltages, and to reduce the operating voltage.
Gratings
Brown et al demonstrated an approach to produce static wrinkles at the surface of a thin oil film by dielectric force in 2009 [29] . Figure 4 illustrates the device structure. The glass substrate is successively coated with interdigitated striped electrodes and a thin dielectric layer ( figure 4(a) ). The electrode pitch p is 80 µm. A small volume (0.1 µl) of 1-decanol (ε oil = 8.1) was dispensed onto the substrate and initially formed a spherical cap. When a voltage (20 kHz) was applied to the device, the oil experienced a dielectric force due to the non-uniform electric fields generated by interdigitated striped electrodes. Because the dielectric constant of the oil is larger than that of the surrounding air, the dielectric force is along the direction of the increase in magnitude of the electric field. When the voltage exceeded 20 V rms , the oil was spread into a thin uniform film (thickness h = 12 µm) across the area with embedded electrodes by the dielectric force. Further increasing the voltage leads to a periodic undulation at the oil surface, and the period is equal to the electrode pitch. The peaks are located in the gaps between two adjacent electrodes where the highest electric field gradients occur ( figure 4(b) ). The peak-to-peak amplitude A increases with the voltage, it is ∼0.45 µm at 80 V rms and ∼1.35 µm at 160 V rms . The period of the wrinkle can be adjusted using different electrode pitch.
Based on this operating mechanism, a switchable phase diffraction grating was demonstrated, in which the electrode pitch was 20 µm and the average film thickness h = 3 µm. As the voltage increased from 0 to 240 V rms , the orders were observed at angles of 0
• (zero), 1.56
• (+1) and 3.11
• (+2), and the transition time between the zero and first order was below 40 ms. In addition to sinusoidal wrinkles with micrometrescale pitches, more complex nonsinusoidal profiles with higher Fourier components were also generated using oil with a lower dielectric constant (hexadecane, ε oil = 2.05) and a longer electrode pitch (p = 240 µm). This work opens up the possibility of developing rapidly responsive voltage-programmable, polarization-insensitive transmission and reflection diffraction devices and arbitrary surface profile optical devices.
Irises
A liquid iris diaphragm based on the DEP effect was demonstrated by Tsai et al in 2010 [35] . As figure 5(a) shows, it comprises four parts, including two immiscible liquids (transparent oil and an opaque ink), a substrate coated with concentric ITO electrodes, SU-8 dielectric layer and patterned Teflon layer, a glass cover, and polymethylmethacrylate (PMMA) housing with a hydrophilic confinement ring. The confinement ring and the concentric annular electrodes present a coaxial design; therefore, the centre axis of the iris can be always in a static position.
At the rest state, the surface area of the liquids interface is minimized due to the hydrophilic confinement ring and the hydrophobic Teflon film on the ITO electrode substrate ( figure 5(b) ). At an actuated state, the liquids experience an angularly symmetric electric fields induced by concentric annular electrodes, and the liquids interface suffers a dielectric force pointing to the centre, pulling the opaque ink inward ( figure 5(c) ). Such a state is stable when the dielectric force and the interfacial tensions reach a balance. Hence, the aperture size can be electrically tuned. It varies from 4 mm at the rest state to 1.5 mm at 160 V rms , and the corresponding aperture ratio is ∼62%. The transmittance was measured to exceed 85% without antireflection coatings over visible spectrum. The maximum electric power consumed is measured to be 5.7 mW. Compared with traditional mechanical irises, the dielectric liquid iris can continuously vary its aperture without any moving parts. It also overcomes the discrete variability of an electrophoresis-driven liquid iris [83] , complicated external pumping system of a pressure-driven optofluidic iris [32] and high power consumption of EW type irises [33, 34, 84] . However, the operating voltage is quite high and the transmittance is relatively low (85%) compared with a mechanical iris with almost zero optical loss.
Optical switches
Optics communication networks require low loss, low cross talk, and highly reliable optical switches. Basically three types of optical switch have been proposed so far: mechanical, electro-optic and LC. The mechanical type, for example, uses tiny mirrors that reflect input signals and direct them to different ports. The operation of small-scale mechanical parts causes complications such as increased friction and long term wear. The electro-optical type has significantly large insertion losses and cross talk; LC-based type is polarization dependent. Optical switches using liquids as active medium have been extensively investigated, because liquids exhibit well defined and stable interfaces along with optical isotropy and high transmittance. Controlling the deformation or the movement of the liquids, the incoming light can be alternatively blocked or transmitted.
Optical switches based on reconfigurable liquid droplet
Wu's group has conducted series investigation and development of optical switches/attenuators based on DEP effect. Figure 6 (a) shows the structure of an optical switch based on reconfigurable liquid droplet [38] , which is similar to that of a dielectric lens ( figure 2(b) ). In a common dielectric liquid lens, the apex distance of the droplet is much smaller than the cell gap in order to prevent the dome of the droplet from touching the top substrate. If it touches the top substrate in a voltageon state, the lens performance will be severely degraded and the droplet will no longer return to its original shape. When such a droplet is used for beam control, the controllability is rather limited and the required voltage is very high. To be distinct from a common dielectric liquid lens, here a small
) with a fairly large surface tension forms a droplet on the bottom substrate; Liquid-2 (L-2, BK7 matching liquid, ε 2 ∼ 5, γ 2 ∼ 40 mN m −1 , n 2 ∼ 1.52) with a relatively small surface tension fills the surrounding space. Continuous ITO electrodes are coated on the two substrates, on top of which is a thin dielectric layer (γ d ∼ 40 mN m −1 ). In the voltage-off state, the droplet is in a relaxing state. Its apex distance (t) is smaller than the cell gap (d). Since the refractive index of L-1 is smaller than that of L-2, a collimated incident beam will go divergent after passing the liquid droplet ( figure 6(a) ). As the voltage increases, the liquid droplet's dome is uplifted by the dielectric force and touches the top substrate. The shape of the droplet is fixed under a given voltage and the beam can pass through the droplet without disturbance ( figure 6(b) ). Upon removing the voltage, the droplet will return to the original shape, because the surface tension of droplet L-1 is much larger than that of the top dielectric layer and L-2, the top dielectric layer is not strong enough to hold the droplet. Such an optical switch has a fairly low operating voltage. For a 150 µm aperture and 40 µm apex distance droplet, it touches the top substrate at 16 V rms and the touching area reaches maximum at 35 V rms .The rise and decay times were measured to be ∼120 ms and ∼180 ms, respectively, at 50 V rms .
If the transparent surrounding liquid is replaced by a black liquid (black dye doped LC mixture ZLI-2585, ε ∼ 7, γ ∼ 20 mN m −1 ), the incoming light will be blocked at the voltage-off state due to the absorption of black surrounding liquid ( figure 6(c) ) and transmitted at the voltage-on state ( figure 6(d) ) [37, 41] . For a large size beam control or optical switch, it is possible to fabricate a liquid droplet array using the cavity patterned method [79] . Different from a dielectric liquid lens [20] [21] [22] [23] [24] [25] , such an optical switch no longer depends on the refractive index difference, droplet profile and shape distortion. Therefore, its electro-optical performances, such as response time, can be easily improved by only considering a few criteria, e.g., viscosity and interfacial tensions.
Optical switches/attenuators based on voltage-stretchable LC droplet
In the optical switch shown in figure 6 , the operating voltage increases with droplet size. It is a challenge to extremely expand the shape of a liquid droplet under a relatively low operating voltage using conventional approaches and materials [60, 85] . For most liquids with low surface tensions, their dielectric constants are usually very small (ε ∼ 5). While for the liquids with a large dielectric constant (such as water ε ∼ 80 and glycerol ε ∼ 47), their surface tensions are usually very high (over 60 mN m −1 ) at room temperature. However, some LC mixtures could have a large dielectric constant but a relatively small surface tension. Ren et al reported that employing interdigitated electrodes and an LC mixture with a large dielectric constant but small surface tension, the LC droplet can be extremely stretched along the electrodes at a relatively low voltage (∼100 V rms ) [39] . The droplet can also be stretched in both elongated and sidewise directions using a zigzag striped electrode. To further decrease the operating voltage, interdigitated ITO electrodes with a smaller electrode gap can be considered. Based on this finding, various optical switches/attenuators have been demonstrated. ) are sandwiched between two glass substrates. The inner surface of the bottom substrate is coated with interdigitated ITO electrodes, on the top of which are a thin polyimide layer and a hole-patterned Teflon layer ( figure 7(a) ). These two layers not only provide a suitable contact angle for the droplet [86, 87] but also prevent the carrier injection into the cell. The hole partially contacts with the electrodes, pinning down the position of the droplet. At V = 0, the LC droplet shrinks with the smallest surfaceto-volume ratio and the beam passes through the VOA without any deflection ( figure 7(b) ). When a voltage is applied to the bottom electrodes, a nonuniform lateral electric field is generated across the ITO stripes. As the voltage increases, the LC molecules at the droplet border near the bottom slab (within the penetration depth of the electric fields) are reoriented by the fringing field, leading to a much larger dielectric constant (close to ε = 56) than that of the silicone oil. Therefore, the LC near the bottom slab bears the strongest dielectric force. The force is pointed outwards, but only the horizontal component will deform the LC droplet. If the voltage is sufficiently high, the LC will be stretched outwards along the electrodes in order to reach a new balance between the interfacial tension and dielectric force. The stretched LC surface deflects the incident beam, leading to the attenuated transmission ( figure 7(c) ). Removing the voltage, the droplet will quickly return to its original state because of interfacial tension. The demonstrated VOA shows a broadband operation over the C-Band (1530-1560 nm), and ∼32 dB dynamic range, ∼0.7 dB insertion loss, ∼0.3 dB polarization dependent loss (PDL) and ∼20 ms switching time at λ = 1550 nm. The peak operating voltage is ∼40 V rms . Because the LC droplet is quite large (aperture ∼450 µm, apex distance ∼200 µm), thus even at 40 V rms only a very thin LC layer (very close to the bottom substrate) is affected by the electric fields, while the bulk LC molecules are still randomly oriented. Therefore, this VOA keeps a small PDL at the effective working window.
An optical switch based on voltage-stretchable LC droplet was also demonstrated by doping black dyes into the LC droplet (L-1 in figure 7(d) ) [39] . A collimated He-Ne laser beam is normally incident upon the ITO electrode area closely adjacent from the droplet ( figure 7(d) ). The beam goes through the cell with the highest transmittance at the voltageoff state. As the voltage increases, the beam is gradually blocked by the stretched LC droplet ( figure 7(e) ). For a cell with a 1.5 mm-aperture LC droplet, the highest intensity was measured to be ∼0.72 and the lowest intensity in dark room was ∼0.06, leading to a contrast ratio of ∼120 : 1 in transmissive mode. The expanding and relaxing time is, respectively, measured as ∼0.62 s and ∼0.53 s at a 50 V rms (500 Hz) burst, and ∼0.17 s and ∼0.83 s at a 70 V rms (500 Hz) burst. The expanding (relaxing) time is defined as the time needed from the contracted (stable stretched) shape to a stable stretched (contracted) shape. In such an optical switch, the operating voltage and response time depend on the travelling distance of the LC droplet. A longer travelling distance means a higher operating voltage and longer response time.
To solve these problems, an optical switch based on variable aperture was demonstrated [26] . The cross-sectional structure of the pixel is shown in figure 8(a) . It consists of a bottom glass substrate, interdigitated ITO electrodes, a polymer hole, a ring-shaped liquid droplet and a top glass substrate. Both substrates are coated with Teflon. Figure 8(b) shows the top-view structure of the pixel, which is confined by a polymer hole (NOA65, γ ∼ 40 mN m −1 ), and a liquid (black dye doped LC mixture ZLI-4389) forms a ring shape on the inside wall of the polymer hole due to the super hydrophobic Teflon layer coated on the top and bottom substrates. At V = 0, the pixel has the largest opening. When the voltage is high enough, instead of being stretched in one direction, the LC is stretched radially towards the centre of the pixel by the dielectric force, leading to a decrease in the aperture size (figures 8(c) and (d) ). Upon removing the voltage, the stretched liquid returns to its initial state. The demonstrated optical switch has a pixel aperture of 0.23 mm, the thickness of the polymer film is ∼0.2 mm, and the filled LC occupies ∼20% of its chamber space. The response time is ∼10 ms at 80 V rms and the aperture ratio is over 80%. It is found that when the pixel is totally covered by the LC, it has to wait for some time until the LC surface breaks up by itself. As a result, its response speed is slow. To ensure the stretched LC can return to its original state with fast response time, the stretched surface should not totally cover its aperture. For a large area optical switch or display, a two-dimensional pixel array can be simply fabricated.
Infrared optical switches based on position-shifting liquid droplet
With rapid development in optical communications, infrared (IR) light switch has become a key component for regulating the optical power in an optical system. Polymer dispersed liquid crystal (PDLC), which controls the incident light by scattering, has been proposed for IR light switch [88] . PDLC has some advantages, such as polarization independence, simple structure, and easy fabrication. However, due to the forward scattering, its optical attenuation is very sensitive to the distance between the device and the detector. Microfluidic devices have also been demonstrated to modulate IR light. Liquid flows into microchannels under a pressure and IR light is switched by manipulating the liquid's position [89, 90] . EW devices steer the IR light either by the total internal reflection from a mercury slug [48] or by the deflection from a tunable liquid-liquid interface [91] .
Ren et al demonstrated a simple IR light switch with a glycerol droplet actuated by a fringing field. In comparison with conventional liquids, glycerol has two unique merits: high absorption at 1.55 µm and large dielectric constant. The former enables the glycerol droplet to effectively evade or block the incident IR beam, while the latter helps to lower the operation voltage. Figure 9 (a) shows the cross-sectional structure of the cell at V = 0. L-1(Glycerol, ε 1 ∼ 47,
) forms a droplet and L-2 (SL-5267, ε 2 ∼ 4.6, γ 2 ∼ 50 mN m −1 , ρ 2 ∼ 1.25 g cm −3 ) fills the surrounding. At λ = 1.55 µm, L-1 is opaque while L-2 is transparent. To actuate the droplet, the inner surface of the bottom glass substrate is coated with interdigitated electrodes, followed by a thin dielectric layer and a thin Teflon layer sequentially. A hole, partially contacting with the edge of the striped electrodes, is patterned on the Teflon layer, pinning down the droplet position at the relaxed state. The electrode width and gap are 100 µm and 20 µm, respectively, the cell gap is 5 mm. The diameter of the hole and the droplet aperture (the touching area on the bottom glass plate) is 3.5 mm and 4.5 mm, respectively. Due to the low surface tension of Teflon, the droplet exhibits a minimal surface-to-volume ratio on the Teflon surface.
When a voltage is applied, the droplet experiences a dielectric force and shifts rightwards to the region with high electric field intensity ( figure 9(b) ). Once the droplet reaches a stable state, then along the ITO stripe direction, the system satisfies the following equation (14):
where γ (14) as F d increases, γ 4 and θ will change accordingly before the whole droplet totally shifts to the region with embedded electrodes. If the surface tension of the droplet is very large, the change of θ is rather limited. Instead, γ 4 will be the main varying factor because the droplet will go through a surface change from the dielectric layer surface to Teflon when it shifts rightwards. When the whole droplet is pulled to the region with embedded electrodes, it will stop shifting because the left side and right side of the droplet bears the same strength of the dielectric forces but in opposite directions ( figure 9(c) ). If the voltage is further increased, the droplet may be stretched along the striped electrodes in both directions, instead of only being shifted rightwards. Removing the voltage (F d = 0), the droplet is pulled back to its original position by interfacial tensions. The alternation between the original state (V = 0) and the shifted state (V = V 1 ) can be used for light switch. For a 4.5 mm diameter droplet, the contrast ratio is over 95 : 1 in transmissive mode and response time is ∼200 ms at 100 V rms (1.5 kHz). The power consumption is less than ∼1 mW. This IR switch can also work in reflective mode if the inner surface of the top glass substrate is coated with a reflector. This device concept can be extended to mid-wavelength IR [92] and long-wavelength IR [93] by choosing proper liquids in the desired spectral region.
Single pixel displays
LCDs have found widespread applications ranging from small panels (e.g. cell phones, portable video players and car navigations) to large-sized displays (e.g. computer monitors and TVs). The popularity arises from many of its advantages, including thin screen, lightweight, high definition, low driving voltages and low power consumption [94] . Generally speaking, an LCD panel consists of a two-dimensional array of pixels. Each pixel is driven independently by a thin film transistor (TFT). LCD is a non-emissive display so that it requires a backlight source. The LC cell is sandwiched between two crossed linear polarizers. Usually on the bottom substrate, a TFT array is formed to provide independent switch for each pixel. Transparent electrodes such as ITO are located at either TFT substrate or both substrates, depending on a specific LCD mode. With different voltages applied to ITO, the LC layer is switched and therefore different grey levels can be generated because of phase retardation. Colour filters are fabricated on the top substrate. By combining RGB colour filters with varied transmittance in each pixel, a full-colour display can be obtained [95] . Polarizers and colour filters are the most critical components in today's LCDs, and they cannot be removed even though they are very expensive and cause poor optical efficiency. Many LC technologies, such as cholesteric LCs [96] , dye-doped polymer-dispersed LCs [97] or dye-doped LC gels [98] , and non-LC technologies, such as organic light-emitting diode (OLED) [99, 100] , electrophoretic effect [101] , EW [45, 46] , electrofluidics [47] , gyricon [102] and DEP [39, 41, 43, 44] have been proposed to achieve polarizer-free and colour filter-free displays.
Colour displays based on reconfigurable liquid droplet
This single pixel display has a same structure as that shown in figure 6(a) . To make a red pixel, red dye-doped glycerol droplet and black dye-doped surrounding LC (ZLI-2585) are adopted ( figure 10(a) ). In the voltage-off state, the incident beam is absorbed by the black surrounding liquid, resulting in a dark state. As the voltage increases, the droplet dome is uplifted by the dielectric force and touches the top substrate. A dielectric effect-induced light channel is open and the incident beam is transmitted, thus a red pixel is observed. The liquid droplet returns to its initial state upon removing the voltage, and the pixel becomes dark again [26, 41, 43] (figure 10(b) ). For the cell with a 130 µm aperture droplet and 100 µm gap, its contrast ratio is ∼10 : 1. At V = 45 V rms square-wave bursts, the rise time and decay time is measured as ∼18 ms and ∼32 ms, respectively.
In practical applications, a large-scale droplet array is required. These droplets should be separated by a patterned grid (such as black matrices) to avoid the crosstalk. A higher dye concentration and a larger distance between the droplet dome and the top surface would help us to improve the contrast ratio; however, the required voltage will be increased accordingly. A turning film and a mircolens array are needed to redirect the backlight coming from the edgelit system, widening the viewing angle and enhancing the light efficiency [103] ( figure 10(c) ). To further simplify the system, a micro-lens embedded cell structure is introduced ( figure 10(d) ).
Colour displays based on voltage-stretchable liquid droplet
To resolve the problems of a single-pixel display based dielectric effect-induced light channel, a colour (black, red, blue) display based on voltage-stretchable LC droplet has been demonstrated [39, 44] , as shown in figure 11 . The device structure is very similar to that shown in figure 7. To achieve colour filter free, here the LC droplet (ZLI-4389) is doped with colour dyes and the surrounding silicone oil is clear. The droplet shrinks with the smallest surface-to-volume ratio at V = 0 ( figure 11(a) ). As the voltage increases, the droplet is stretched to spread like a film by the dielectric force, and the gray scale is achieved by stretching the droplet to a different extent ( figure 11(b) ). Upon removing the voltage, the droplet returns to its initial state. Such a device shows wide viewing angle, good contrast ratio and large aperture ratio, as well as easy integration with the edge-lit backlight. Both transmissive and reflective modes can be configured. For the pixel with an 800 µm aperture droplet (doped with 1.2 wt% black dye) and 420 µm gap, it has a ∼67% aperture ratio and ∼83 : 1 contrast ratio at 60 V rms (500 Hz). The expanding and recovering time are 260 ms and 500 ms, respectively, and the corresponding travel speeds are estimated to be ∼6.1 mm s −1 and ∼3.2 mm s −1 , respectively. Such results are comparable to electrofluidic displays (∼2.65 mm s −1 ) [42] . For the pixel with a 500 µm-aperture droplet (doped with 1.2 wt% red dye) and 400 µm-gap, it has a ∼75% aperture ratio at 50 V rms (500 Hz). The contrast ratio depends on the thickness of the area covered by LC and the dye concentration. A higher dye concentration will lead to a larger absorption even though the stretched LC layer is thin. The response time is governed by the liquid interfacial tension, flow viscosity, as well as travel distance. Surrounding liquid with low viscosity helps us to improve the travel speed.
Since a typical sub-pixel size of LCD is ∼240 µm × 80 µm, an 80 µm aperture LC droplet would cover the whole sub-pixel when it is stretched to 3×. Under the same travel speeds, the expanding and recovering time could be reduced to ∼26 ms and ∼50 ms. To work in a reflective mode, a mirror was added as the reflector to the bottom substrate and the reflectance was measured to be ∼60% (without AR coating).
Conclusions and outlook
This paper gives an overview of state of the art in dielectrophoretically tunable optofluidic devices. When a sessile droplet of a dielectric liquid is exposed to an inhomogeneous electric field, the surface of the droplet experiences a dielectric force, which reshapes the surface profile of the droplet until reaching a new equilibrium configuration. Two critical conditions are required to reshape the droplet: (1) a dielectric constant difference between the droplet and surrounding medium, and (2) an inhomogeneous electric field. Of particular interest we reported six types of photonic devices: lenses, beam steers, gratings, irises, optical switches and displays and explained their operating mechanisms. They are attractive for practical applications in terms of rapid prototyping, miniaturization, easy integration, low power consumption, polarization insensitivity, relatively low operating voltage as well as reasonably fast switching time. Such a combination of features in a single device is significantly comparable with existing technologies based on LCs, mechanics, electro-optics or acousto-optics.
To transfer the laboratory prototypes to commercial products, several technical challenges still need to be addressed. An important limitation is the choice of liquids.
When two dielectric liquids with different dielectric constants are chosen in the devices, other properties of the two liquids should be considered as well, such as refractive index, solubility, transmittance, density and surface tension. The highest refractive index of liquid is ∼1.75, which is much lower than that of solids. In addition, they have limited transparency in the IR range, especially in the 3-5 µm and 8-12 µm, therefore, they are mostly used in the visible region. Since almost all physical properties of a liquid are temperature dependent, designing a liquid for a wide range of operating temperature is a big technical challenge. In comparison with EW devices, the operating voltage of DEP devices is relatively high at the right stage. A larger electric field gradient and a larger dielectric constant difference will help to further lower the operating voltage. Three types of electrodes have been reported in the literature to generate an inhomogeneous electric field. Planar electrodes and curved electrodes are more suitable to actuate microsized dielectric droplet, because a larger droplet needs a thicker cell gap to accommodate it, which means a higher operating voltage. Interdigitated-circular or -striped electrodes could generate an inhomogeneous fringing electric field. The significant advantage is that the driving voltage is independent of the cell gap. Innovative electrode designs to achieve low voltage driving are always desired.
In conclusion, by taking advantage of liquids' welldefined and stable interfaces along with optical isotropy and dielectric forces, a wide range of dielectrophoretically tunable optofluidic devices have been demonstrated. As the advance of new dielectric liquid materials and novel electrode designs, their optical performances as well as the electrooptical properties are expected to be more competitive. In future, dielectrophoretically tunable optofluidic devices are foreseen to be low-cost yet high-quality alternatives to various conventional solid-state photonic devices, and play a key role in the optical systems for imaging, information processing, sensing, optical communication, lab-on-a-chip and biomedical engineering.
